Background and Objectives: The International Society for Cellular Therapy (ISCT) proposed a set of minimal markers for identifying human mesenchymal stromal cells (hMSCs) in 2007. Since then, with the growing interest of better characterising hMSCs, various additional surface markers have been proposed. However, the impact of how culture conditions, in particular, the culture surface, vary the expression of hMSC markers was overlooked. Methods and Results: In this study, we utilized the RNA sequencing data on hMSCs cultured on different surfaces to investigate the variation of the proposed hMSC biomarkers. One of the three ISCT proposed positive biomarker, CD90 was found to be significantly down regulated on hMSCs culture on fibrous surfaces when compared to flat surfaces. The detected gene expression values for 177 hMSCs biomarkers compiled from the literature are reported here. Correlation and cluster analysis revealed the existence of different biomarker communities that displayed a similar expression profile. We found a list of hMSCs biomarkers which are the least sensitive to a change in surface properties and another list of biomarkers which are found to have high sensitivity to a change in surface properties. Conclusions: This study demonstrated that substrate properties have paramount effect on altering the expressions of hMSCs biomarkers and the proposed list of substrate-stable and substrate-sensitive biomarkers would better assist in the population characterisation. However, proteomic level analysis would be essential to confirm the observations noted.
Introduction
Mesenchymal stromal cells (MSCs), the clonogenic fibroblastic colony-forming units, hold immense potential as cells of choice in tissue engineering and regenerative medicine applications. Though bone marrow was the first and widely recognized source tissue, the latest investigations have led to the discovery of a wide variety of MSCs-harbouring placenta, umbilical cord and virtually any vascularized tissue (1) . MSCs can not only be differentiated into tissue-specific lineages but can also be transdifferentiated across lineages (2) . Apart from such multipotency, the immunomodulatory property of MSCs is attracting attention (3) . While these developments highlight the potential of MSCs, they also lead to some confusion in the field, majorly due to the identity paradox. To this effect, the International Society for Cellular Therapy − or CD11b
CD79α
− or CD19 − and HLA-DR − surface markers, and (c) tri-potency ability as the defining criteria to identify MSCs (4) . Recently, a few others such as Stro-1, CD146 and CD49f were also proposed as candidate markers. However, source dependent differences left MSC identity still obscure. Besides, the discovery of culture conditions dependent effects on surface marker expression, such as induction of SSEA-4 by fetal calf serum (5) , and suppression of CD49f by confluency (6) , further enhanced the ambiguity over MSCs identity. Pham et al. showed that cryopreservation reduced the expression of CD73 (7). Lv et al. articulated these issues in great detail in their recent review (8) .
Along with conventional culture conditions optimization studies, investigations on the use of biomaterials to help translate MSC therapy from bench to bedside are on the rise (9) . It is an indisputable fact that the use of biomaterials in facilitating isolation (10) , in enhancing in vitro expansion (11) , in long-term storage (12) , in modulating differentiation (13) , and in aiding site specific delivery (14) , has expanded the horizons of MSCs to the next level. In this regard, it is important to understand the underlying cell -biomaterial interactions since subtle alterations in substrate topography and chemistry influence the cell fate to a significant extent (15) (16) (17) . For instance, McMurray et al. discovered that a nano structured surface retains stem-cell phenotype and maintains stem-cell growth over eight weeks (18) , while, Dalby et al. demonstrated the use of nano scale disorder to stimulate MSCs to produce bone mineral in vitro (19) . Similarly, Benoit et al. reported that substrates functionalized with small molecules can control MSCs differentiation encapsulated in hydrogels (20) , while, induction of osteogenic and adipogenic differentiation on amine functionalized surfaces in contrast to pristine samples shows the effect of surface chemistry on cell response (21) . Whereas there is evidence on how biomaterials act in terms of controlling stem cell differentiation, there is little information on whether or not these biomaterials have any influence on surface marker expression in the context of MSCs expansion.
Such information is needed not just to ensure quality control of the expanded MSCs but to design next-generation biomaterials-based substrates for MSCs expansion. Inspired by observations of Zamparelli et al. (22) and Duffy et al. (23) on the effect of biomaterials on surface antigen expression in MSCs, here, we designed a study to unravel the effects of substrate topography and substrate chemistry on expression levels of surface markers in human bone marrow-derived MSCs (hbm-MSCs). However, unlike conventional flow cytometry or qRT-PCR methods, here we tested the gene expression levels by following the whole transcriptome shotgun sequencing, also known as RNA-sequencing (24, 25) . This next-generation sequencing approach helps to (a) evaluate the stability and sensitivity of ISCT and few other known hMSCs markers, (b) identify potential gene networks or molecular pathways associated with these markers, and (c) screen for new substrate-stable and substrate-sensitive candidate markers. For this, we have prepared poly (L-lactide) (PLLA) based substrates with two variables of topography viz. flat (Fl) and fibrous (Fs) and two variables of chemistry viz. pristine (Pr) and aminated (Am). The flat PLLA surface (Fl-PLLA) represents a conventional two-dimensional culture substrate, whereas, the fibrous PLLA (Fs-PLLA) surface represents an advanced three-dimensional culture substrate. The pristine PLLA (Pr-PLLA) surface represents a hydrophobic surface that a majority of synthetic polymers exhibit, whereas, the aminated PLLA (Am-PLLA) surface represents a hydrophilic surface that a majority of natural polymers exhibit. The cell response on the test materials (Fl-Pr-PLLA, Fl-Am-PLLA, Fs-Pr-PLLA and Fs-Am-PLLA) was compared with that on a control plate (TCPS).
Materials and Methods
Surface material, cell culture and RNA extraction
The detailed information on surface preparation, cell culture and RNA extraction has been reported previously (26) . A total of four synthesized surfaces and tissue culture plate were used for cell culture. The four surfaces were synthesized with poly (L) Lactic acid (PLLA), including two types of surface topography (flat -Fl or fibrous -Fs) and two types of surface chemistry (aminated -Am or non-aminated -Pr). The standard tissue culture polystyrene substrate was used as the control surface.
Human bone marrow-derived mesenchymal stem cells (hbm-MSCs, Poietics TM , cat. no. PT-2501, Lonza UK), were cultured in a proprietary medium (cat. no. PT-3001, Lonza UK), supplemented with antibiotics (10 U/mL penicillin and 10 μg/mL streptomycin, Thermo Scientific, UK). Cells were routinely incubated in a CO2 (5%) incubator maintained at 37 o C temperature, 95% relative humidity. hbm-MSCs (passage 3) were seeded onto various test and control substrates at a rate of 50,000 cells/well and cultured for 7 days with viability measured at day 3, 5 and 7 using the Alamar blue assay (Thermo Scientific, UK).
RNA extraction was done using the RNeasy Mini Kit and followed the supplier's instructions (Qiagen, UK). RNA agarose gel electrophoresis and Nanodrop spectrophotometer (1000, Thermo Scientific) were used to check the quality and quantity of the extracted RNA (26) . RNA was isolated at each time point; however, RNA Seq was done for day 3 sample to capture the substrate-induced early commitment of MSCs.
RNA sequencing
Total RNAs were extracted from all samples using a commercial extraction kit (RNeasy Mini kit, Cat No. 74106). Sequencing platform of BGI-500 (BGI, Shenzhen, China) was used to obtain gene expression profiles. SOAPnuke was used to remove low quality reads. Quality control checks were performed to confirm sequencing saturation and gene mapping distribution. Fragments per Kilobase of Transcript per Million mapped reads (FPKM) value were used to express relative gene abundance. Genes with expression levels less than 1 across all samples were neglected in order to increase data set confidence.
Data analysis
Previously reported 177 hMSCs biomarkers were compiled from the literature (8, 27, 28) , including proteoglycans, adhesion molecules, receptors, etc. The full list of genes is included in Supplementary Table S1 . The expression levels for these biomarkers were checked against the samples cultured on different surfaces in this study. Hierarchical cluster analysis was conducted on the compiled biomarkers and the total sequenced genes, samples were grouped based on their pair wise differences.
Gene-wide correlation analysis was performed with p＜0.01 and the Pearson coefficient (r) ＞0.9 or ＜−0.9. Normalized standard deviation, also known as coefficient of variation, was used to quantify the stability or sensitivity of gene expression across samples. The stability and sensitivity of the biomarkers was examined by evaluating the consistency of expression in samples cultured on the different types of surfaces. Differentially expressed genes were determined with greater than one-fold change in pair wise comparison and a false discovery rate less than 0.001.
The biomarker expressions and correlations were used to develop a network structure and was graphically represented using Cytoscape (29) . Positive and negative correlations of each gene expression across samples was determined. The average expression levels for each gene and their ranked percentile determines the size of the node. Cluster analysis was conducted using Newman's method, edge between-ness and modularity were determined as the method described in (30) . The Octave-networks-toolbox was utilized (31) . The modularity for the different number of communities were screened, the number of communities with the highest modularity was selected as the optimal clustering configuration. The optimal clustering configuration was processed using the Newman-Girvan algorithm to generate the distribution and the specific genes for each cluster. The clusters with more than five nodes/genes were considered as true clusters and further analysed.
Results and Discussion

General characteristics of materials and cell response
Details of the material characteristics such as morphological features of Fl-PLLA and Fs-PLLA before and after amination by SEM, confirmation of amine functionalization by FITC staining and ATR-FTIR was previously reported by our group (26) . The diameter of electrospun fibres of Fs-PLLA scaffold used in the study was 603±197 nm (Mean±SD). There was no significant change in the fibre diameter after amine functionalization, as confirmed by SEM. Besides, qualitative and quantitative analysis of cell adhesion and proliferation on various substrates was also previously reported by our group (26) . Briefly, the cellular adhesion and proliferation was relatively high on control TCP substrate compared to test PLLA substrates. This was apparently due to lack of RGD moieties on PLLA. Amongst the test substrates, significant changes in the overall cell response was noted amongst substrates varying in surface topography (Fs-PLLA and Fl-PLLA) Fig. 1 . Expression levels of ISCT recommended hMSCs surface markers: (a) CD90 and CD105 showed substrate-sensitive response whereas CD73 showed substrate-stable response. CD90 and CD105 showed variations on expression levels that were higher than that of CD73. (b) The FPKM values for CD90 were plotted against the FPKM values of CD73 and CD105, line of best fit and R-square is shown in the figure. than the surface chemistry (Pr-PLLA and Am-PLLA).
Analysis from the perspective of ISCT recommended markers
The set of surface markers proposed by ISCT has not only streamlined the scientific investigations on hMSCs, but has also assisted commercial organizations in characterising hMSCs-based products for clinical trials (32) . Although there is variability in the marker set reported in the literature, in many cases, the ISCT-proposed set of markers is considered the gold standard (8) . Following this trend, in the current study, we started off by investigating the expression profiles of ISCT-proposed markers. With no surprises, irrespective of the culture substrate properties, hMSCs expressed CD105, CD73 and CD90, and were negative for expression of CD45, CD34, CD14, CD19 and HLA-DR ( Fig. 1 ; the expression levels of the negative markers were undetected or found to be negligible, thus are ignored). However, a close look at the relative expression levels revealed two compelling observations: firstly, the expression level of a given marker varied depending on the culture substrate. Typically, hMSCs cultured on flat substrates (Fl-PLLA) showed up regulated surface marker expression as compared to those cultured on fibrous substrates (Fs-PLLA). There was no visible distinction in the surface marker expression in hMSCs cultured on pristine (Pr-PLLA) and aminated (Am-PLLA) substrates. Although the substrate properties were known to modulate the hMSCs fate, little was known of their effects on the surface marker expression levels. Previously, Skardal et al. described that immune-histochemical (IHC) staining for surface markers such as CD90 and CD105 was strong for cells cultured on synthetic substrates with 2∼5 kPa stiffness as compared to the cells cultured on stiffer (15, 50 kPa) substrates. Our observations not only support the findings of Skardal et al. but also provide quantitative evidence towards substrate-dependant effects on surface marker expression (33) .
The second curious finding from Fig. 1 was that the overall expression levels of CD105 and CD90 were positively correlated (p=0.0186, r=0.916, Fig. 1 ) whereas correlation between CD73 and CD90 was not significant (p=0.305, r=−0.276, Fig. 1 ). Intrigued by this observation, we performed a correlation analysis. Out of 17,748 genes, identified by RNA-seq, across hMSCs samples cultured on five different surfaces, a total of 871 genes were found to have a positive or negative correlation. Of these, 464 genes were correlated with CD90, 467 genes with CD105 and 334 genes with CD73 (Fig. 2) . It was again apparent that expression levels of CD105 and CD90 were interactive whereas the CD73 level was independent. Our results comply with those reported by Zamparelli et al. where rat bone marrow-derived MSCs cultured on PLLA substrates showed, using flow cytometry, an 82±8% CD90 positive population but only a 35±19% CD73 positive population (22) , and by Skardal et al. where human amniotic fluid-derived MSCs cultured on synthetic substrates showed comparable IHC staining for CD105 and CD90 markers (33) . Furthermore, in the current study, CD90 and CD105 shared over 84% (n=394) of their in- Fig. 2 . Genes correlated with the three positive ISCT recommended hMSCs markers: The total number of correlated genes with CD73 (334) was less than that with CD90 (464) and CD105 (467). CD90 and CD105 share over 84% of their individually correlated genes, whereas, CD7 3has no common genes with the other two markers. dividually correlated genes, whereas CD73 showed no commonly correlated genes with either of the other two markers (Fig. 2) . As evident from the NCBI Gene Database, although the genomic context is different, CD90 (THY1) and CD105 (ENG) encode proteins that are involved in cell communication, whereas CD73 (NT5E) encodes a protein that catalyses the conversion of extracellular nucleotides to membrane-permeable nucleosides. Such functional relations may perhaps explain why CD90 and CD105 were expressed correlatively. Additionally, based on a report by Colgan et al. suggesting a major involvement of CD73 in nucleotide metabolism during hypoxia and ischemia, it was most likely that the lower CD73 expression level in the current study may be attributed to the normoxic culture conditions (34) .
Analysis from the perspective of a comprehensive list of markers reported in the literature
Of the three positive ISCT markers, CD90 and CD105 might be proposed as a substrate-sensitive marker, while CD73 appeared as a substrate-stable marker. However, we believe that the concept of substrate-sensitive/stable markers should be consolidated further, thus incorporation of additional markers is needed to propose a comprehensive set of biomaterials-specific markers for potential use in the field of MSCs-based regenerative medicine. The list of 177 hMSCs markers that were reported in various contexts from the literature is examined (Supplementary  Table S1 ). Overall, the expression profiles between them vary to a significant extent. Preferential expressions of certain markers were observed, where, some markers exhibited stable expression and some showed sensitiveness to a change in culture surface conditions. Expression levels of these 177 biomarkers were subjected to principal component analysis (PCA) analysis and dendrogram analysis. As shown in Fig. 3 , the effect of chemistry treatments on the gene expression profile was relatively smaller than that of surface topography induced changes, and the samples cultured on flat surfaces exhibited significantly smaller changes to the control cluster than those in the fibrous samples. This feature conformed to the gene expression patterns reported for all genes (26) , strongly suggesting that the marker set genuinely represented the overall gene expression. To our knowledge, this study is the first of its kind reporting the effect of substrate topography and chemistry on the expression of 177 biomarkers reported in the literature.
Proceeding further, we have performed a correlation analysis within these 177 biomarker gene expression levels to seek more insights (Fig. 4) . Out of 177 marker genes, 22 genes were found without any significantly correlated pairs and therefore were excluded from the figure. Amongst the rest, both positive (represented by the green line) and negative (represented by the red line) correlations were discovered. The statistical relationships were not straight forward and intertwined for most of the genes. However, certain genes were found to correlate to only one or a few other genes. For easy reference, the results are interpreted with reference to the ISCT markers. As shown in Fig. 4a , the three ISCT markers have been rearranged to the right-hand-side of the figure to highlight their high degrees of connectivity within the network. Overall, the per- centiles of the average expression levels across samples are represented by the size of the nodes. The three ISCT markers exhibited considerably significant levels of correlation. A positive correlation was identified between CD90 (THY1) and CD105 (ENG), whereas there was no correlation between CD73 (NT5E) and either of the other two. Further, the networks including these three markers and their first-degree-neighbours are isolated and pre- sented in Fig. 4b . There are quite a few first-degreeneighbours of CD90 or CD105 which showed correlation within this network (Supplementary Table S2 ). However, none of the first-degree-neighbours of CD73 exhibited a correlation with those of CD90 or CD105. This may perhaps be due to the functional context of these genes as Findings on biomaterial-stable and sensitive markers Besides the conventional ISCT markers, we examined the stability of the expressions for the 177 biomarkers as a result of being cultured on different biomaterials. The stability of the gene was quantified by the coefficient of variance (CoV) across samples. A smaller CoV entails a higher independence of this biomarker gene to the culture substrate. The top 10 genes with the lowest coefficient of variance are shown in Table 1 . None of these top 10 genes was found to correlate to the three positive ISCT markers.
Furthermore, we examined the connectedness of the 177 expressed biomarkers. The positive correlation results from the previous analysis (section 3.2) were subjected to cluster analysis to identify the community groupings that maintain the highest level of network integrity. The grouping that yielded the highest network modularity (Q=0.82) was taken as the set of the most representative clusters (Fig. 5a) . A total of 48 communities were identified in this network arrangement, among which four communities consisted of more than five genes. The frequency plot describing the number of genes in each cluster size is shown in Fig. 5b . The correlation between genes and clusters are shown in Fig. 5c . The list of genes in each of these four communities are closely correlated with each other, in other words, the expression of one marker gene is expected to represent that of the others; the top three most stably (in blue) or variably expressed (in red) genes from each of the communities are shown in Fig. 5d as po-CD105 community.
To further investigate the surface sensible markers, we looked at the biomarkers that displayed greater dependency to a change in culture surfaces, in particular, a change in surface topography (between flat and fibrous surfaces). The 17 biomarkers that were found to be differentially expressed between the samples cultured on different topographies are shown in Table 2 , including one of the ISCT markers, CD90 (THY1). Among these biomarkers, 13 displayed significant down-regulation when cultured on fibrous surfaces, whereas the other four experienced significant up-regulation.
The impact of different chemistry substrates did not significantly alter the expression levels of any of the studied biomarkers. To further illustrate the interactions of surface topography and chemistry, a Venn diagram was prepared to show its differential regulation on both pristine (Pr) and aminated (Am) substrates, as presented in Fig.  6 . The numbers of up-and down-regulated genes along with gene names are shown for each chemistry substrate. A total of 17 and 11 biomarkers were found to be differentially regulated by topography, on pristine-based and aminated substrate surfaces, respectively. Among which, nine biomarkers were consistently down-regulated on fibrous surfaces for both substrates, including CD90. The three biomarkers that were significantly up-regulated on fibrous surfaces for both substrates were FN1, CD9 and ITGB3. These 11 (eight down-regulated and three upregulated) genes provide strong evidence demonstrating the sensitivity of these biomarkers to a change in surface topography.
Conclusions
To conclude, we hypothesized that the transcriptome analysis of human bone marrow derived MSCs (hbmMSCs) cultured on standard tissue culture-treated polystyrene (TCP) and poly (L-lactide) (PLLA) based artificial substrates with varying topography (Fl: flat and Fs: fibrous) and chemistry (Pr: pristine and Am: aminated) could offer novel insights into substrate-specific markers. Apart from ISCT proposed markers, we have identified and compiled 177 markers that are reported in the literature in various contexts. Comparative gene expression level analysis suggested that CD90 and CD105 showed comparable substrate-sensitive response whereas CD73 showed substrate-stable response. A correlative analysis found 871 genes, out of 17748, to be correlated with ISCT markers, of which, CD90 and CD105 showed comparable results that are distinct from CD73. Subsequently, a dendrogram of 177 markers suggested that chemistry induced changes on gene expression profile was relatively smaller than that of surface topography induced changes, and the samples cultured on flat surfaces exhibited significantly smaller differences than those in the fibrous samples. From the correlation analysis, the first-degree-connections of ISCT markers and the 177 markers found in the literatureshowed a correlation between CD90 and CD105 including its neighbors but no correlation with that of CD73 and its neighbors. Positive correlation results yielded a top-10 list of substrate-stable and sensitive markers for hMSCs studies in the context of biomaterials research. Furthermore, among the 48 communities identified from the cluster analysis, the 3 most representative and variable genes were reported for each cluster with greater than 5 genes. The study indicates that an omics approach can help analyse the variations in a comprehensive manner and perhaps give clarity on the MSCs identity in the context of biomaterial research. However, in order to confirm that the changes observed at the gene transcription level are reflected at the protein level, a proteomic analysis may be required.
